25 Genome-wide screens have discovered a large set of essential genes in the 26 opportunistic human pathogen Streptococcus pneumoniae. However, the functions of 27 many essential genes are still unknown, hampering vaccine development and drug 28 discovery. Based on results from transposon-sequencing (Tn-Seq), we refined the list 29 of essential genes in S. pneumoniae serotype 2 strain D39. Next, we created a 30 knockdown library targeting 348 potentially essential genes by CRISPR interference 31 (CRISPRi) and show a growth phenotype for 254 of them (73%). Using high-content 32 microscopy screening, we searched for essential genes of unknown function with 33 clear phenotypes in cell morphology upon CRISPRi-based depletion. We show that 34 SPD1416 and SPD1417 (renamed to MurT and GatD, respectively) are essential for 35 peptidoglycan synthesis, and that SPD1198 and SPD1197 (renamed to TarP and TarQ, 36 respectively) are responsible for the polymerization of teichoic acid (TA) precursors. 37 This knowledge enabled us to reconstruct the unique pneumococcal TA biosynthetic 38 pathway. CRISPRi was also employed to unravel the role of the essential Clp-39 proteolytic system in regulation of competence development and we show that ClpX is 40 the essential ATPase responsible for ClpP-dependent repression of competence. The 41 CRISPRi library provides a valuable tool for characterization of pneumococcal genes 42 and pathways and revealed several promising antibiotic targets. 43 44 93 polymerase (RNAP) and thereby represses transcription of the target genes (Peters et al, 94 2016; Qi et al, 2013) (Fig. 1A). Note that S. pneumoniae does not contain an endogenous 95 CRISPR/Cas system, likely because it interferes with natural transformation and thereby 96 lateral gene transfer that is crucial for pneumococcal host adaptation (Bikard et al, 2012).
Introduction 45
Streptococcus pneumoniae (pneumococcus) is a major cause of community-acquired 46 pneumonia, meningitis and acute otitis media and, despite the introduction of several 47 vaccines, remains one of the leading bacterial causes of mortality worldwide (Prina et al, expression of dCas9 was stringently repressed by LacI without IPTG, and was upregulated 141 ~600 fold upon addition of 1 mM IPTG after 2.5 hr. Upon dCas9 induction, the luc gene was 142 significantly repressed (~ 84 fold) ( Fig. 1D ). Our RNA-seq data showed that the genes 143 (spd0424, spd0425, lacE-1, lacG-1, lacF-1) that are downstream of luc, which was driven by 144 a strong constitutive promoter without terminator, were significantly repressed as well, 145 confirming the reported polar effect of CRISPRi (Qi et al, 2013) . Interestingly, by comparing 146 the transcriptome of strain with (XL28) or without (XL29) sgRNAluc cultivated in medium with 147 1 mM IPTG, we found that galT-2, galK and galR were specifically induced by IPTG, and 148 fluctuation of the competence system was also observed which is known to be highly noisy 149 (Aprianto et al, 2016; Prudhomme et al, 2016) (Supplementary Table 2 ). Taken together, the 150 IPTG-inducible CRISPRi system is highly specific.
152
Construction and growth analysis of the CRISPRi library 153 We next used the CRISPRi system to construct an expression knock-down library of 154 pneumococcal essential genes. A sgRNA to each of the 391 potentially essential genes was 155 designed as described previously (Larson et al, 2013) ( Supplementary Table 3 ). Note that 7 CRISPRi also inhibits expression of co-transcribed downstream genes ( Fig. 1D) (Qi et al, 157 2013) . Thus, some of the genes may be targeted multiple times (in case of more than one 158 essential gene within the operon). We used an infusion cloning technique to construct the 159 library as this was more efficient than the previously reported PCR-based sgRNA 160 construction method (see SI text) (Figs 2A and 2B ). All sgRNA strains were sequence 161 verified, and we considered them genetically functional when the sgRNA did not contain 162 more than 1 mismatch to the designed sgRNA and no mismatches in the first 14-nt prior to 163 the PAM. Using this approach, after a single round of cloning and sequencing, we 164 successfully constructed 348 unique sgRNA strains (see Methods) . Note that we are still in 165 the process of constructing the remaining 43 sgRNA strains.
166
To examine the effects of CRISPRi-based gene silencing, growth was assayed both 167 in the presence and absence of 1 mM IPTG for 18 hours in real-time by microtiterplate 168 assays. Two types of growth phenotypes were defined and identified: a growth defect and 169 increased lysis (Figs S2B and S2C) . As shown in Fig 2C, CRISPRi-based repression of 170 transcription of 230 unique genes led to a growth defect, 48 genes showed increased lysis, 171 including 24 that demonstrated both a growth defect and increased lysis, and 94 genes 172 showed no defect (see supplementary Table 1 ). In total, 254 out of 348 target genes (about 173 73%) repressed by CRISPRi showed growth phenotypes. Comparing the optical densities 174 between the uninduced and induced cells at the time point at which uninduced cells reached 175 an OD 595 of 0.1, 174 genes repressed by CRISPRi displayed a more than 4-fold growth 176 defect, and 254 genes showed a more than 2-fold growth defect ( Fig. 2D ).
178

Phenotyping important pneumococcal genes by combined CRISPRi and high-content
179 microscopy 180 To test whether CRISPRi was able to place genes in a functional category and thereby allow 181 us to identify previously uncharacterized genes with a function in cell envelope homeostasis,
182
we first analyzed the effects of CRISPRi-based repression on cell morphology using 69 183 genes that have been reported to be essential or crucial for normal pneumococcal growth.
8
These genes have been associated with capsule synthesis (3 genes), transcription (4 185 genes), cell division (6 genes), translation (7 genes), teichoic acid biosynthesis (10 genes), 186 cell membrane synthesis (11 genes), chromosome biology (14 genes), and peptidoglycan 187 synthesis (14 genes) ( Fig. 3 , Table 1 , Figs S3-S10). This showed a good correlation between 188 reported gene function and observed phenotype (SI text). For instance, repression of 189 transcription of genes involved in chromosome biology caused, as expected, appearance of 190 anucleate cells or cells with aberrant chromosomes (Fig. S3 ). Importantly, repression of 191 transcription of genes known to be involved in cell envelope homeostasis such as ftsZ, ftsL, 192 ftsW, rodA, pbp2X, glmU, murC, murF, tarI, tarJ, licA, licB, licC and licD3, caused severe 193 changes in cell shape and size, including heterogeneous cell size, ballooning cells, defective 194 septa, short cells, round cells, cells in chains and cells demonstrating a coccus-to-rod 195 transition (Figs S7, S9 and S10).
196
Using the same approach, we could also functionally verify several genes that were 197 studied before but had not been annotated in the D39 genome. These included pcsB 198 (spd2043), vicR (spd1085), divIC (spd0008) and rafX (spd1672). Transcriptional repression 199 led to significant growth defects and cellular changes in shape and size (SI text and Fig. 200 S12). Similarly, repression of spd1405, spd1522 and spd0827 led to significant growth 201 defects and generation of anucleate cells. Our data revealed that these "hypothetical" genes 202 represent the functional orthologs of dnaB (spd1405), dnaD (spd1522) and yabA (spd0827) 203 in S. pneumoniae (SI text and Fig. S13 ).
205
SPD1416 and SPD1417 are involved in peptidoglycan precursor synthesis
206
Using high-throughput fluorescence microscopy, we phenotyped a subset of the 348 207 CRISPRi knockdowns that target genes of unknown function. CRISPRi strains with sgRNA 208 targeting hypothetical genes spd1416 or spd1417 showed significant growth retardation and 209 morphological abnormality, such as heterogeneous cell size and elongated and enlarged 210 cells with multiple incomplete septa ( Fig. S11 ). These manifestations mirrored what we 211 observed upon inhibiting the expression of genes known to be involved in peptidoglycan 212 9 (PG) synthesis ( Fig. S9 ). Consistent with the essentiality of these two genes as suggested by 213 Tn-Seq, we were unable to obtain deletion mutants of spd1416 or spd1417 after multiple 214 attempts. To confirm that these genes are essential for pneumococcal growth, we 215 constructed merodiploid strains of spd1416 and spd1417 by inserting a second copy of each 216 gene fused to gfp (encoding a monomeric superfolder GFP) at their N-terminus. These gfp-217 fusions were integrated at the ectopic bgaA locus under the control of the zinc-inducible 218 promoter, P Zn . In the presence of Zn 2+ , we were able to delete the native spd1416 or 219 spd1417 gene by allelic replacement. While both the spd1416 and spd1417 mutants 220 behaved normally in the presence of Zn 2+ , severe growth retardation was observed in the 221 absence of Zn 2+ (Fig. 4A ). Interestingly, we did not obtain erythromycin resistant colonies 222 when transforming in the P Zn -spd1417-gfp genetic background, indicating that the C-terminal 223 GFP fusion is not functional. Together, these lines of evidence demonstrate that both 224 spd1416 and spd1417 are essential genes.
225
Morphological analysis by light microscopy of bacterial cells upon depletion of gfp-226 spd1416 or gfp-spd1417 confirmed the morphological changes as observed in the CRISPRi 227 knockdowns (Fig. 4B ). The gfp-spd1416 or gfp-spd1417 cells were further analyzed using 228 freeze-substitution electron microscopy ( Fig. 4C ). This showed the presence of elongated 229 cells and the frequent formation of multiple septa per cell, in contrast to wild type D39 cells 230 which showed the typical diplococcal shape. Note that the mild sample preparation used in 231 our freeze-substitution EM protocol also preserved the capsule, which can be readily lost (Figueiredo et al, 2012; Munch et al, 2012) , form a complex to perform the amidation of the 238 D-glutamic acid in the stem peptide of PG. It was previously reported that recombinant 10 glutamate lipid II into iso-glutamine lipid II in vitro (Zapun et al, 2013) . Therefore, we named 241 spd1416 to murT and spd1417 to gatD. It is interesting to note that while MurT or GatD 242 depletion strains in S. aureus showed reduced growth, cells exhibited normal cell 243 morphologies (Figueiredo et al, 2012) , in contrast to the strong morphological defects 244 observed in S. pneumoniae D39.
245
MurT and GatD contain no membrane domain or signal peptide, and are thus 246 predicted to be cytoplasmic proteins. However, fluorescence microcopy of the N-terminal 247 GFP fused to MurT or GatD showed that they are partially membrane localized (Fig. 4D ). In- CRISPRi-based repression of hypothetical essential genes spd1197 and spd1198 led to 259 significant growth defects and microscopy revealed chained cells with abnormal shape and 260 size ( Fig. S11 ). Some of the cells were elongated and enlarged. These phenotypes are 261 consistent with the typical morphological changes caused by repression of genes in teichoic 262 acid (TA) biosynthesis (Fig. S10 ). In accordance with this, analysis of the genetic context of 263 spd1197 and spd1198 showed that they are in the lic3 region, which was predicted to be a 264 pneumococcal TA gene cluster (Denapaite et al, 2012; Kharat et al, 2008) . We were unable 265 to replace these genes with an erythromycin resistance marker, confirming their essentiality.
266
Similar to the approach described above, we generated Zn 2+ -inducible C-terminal GFP 267 fusions to SPD1197 and SPD1198, integrated these ectopically at the bgaA locus and then 268 11 successfully deleted the native spd1197 or spd1198 genes in the presence of Zn 2+ . Plate 269 reader assays showed strong growth impairment in the absence of Zn 2+ (Fig. 5A ). In line with 270 the phenotypes of the CRISPRi screen, the zinc-depletion strains showed similar 271 morphological defects, cells in chains and elongated or enlarged cell shape and size (Fig. 
272
5B). EM analysis of depleted cells also revealed uneven distribution of multiple septa within a 273 single cell, increased extracellular material and a rough cell surface (Fig. 5C ).
274
SPD1198 contains 11 predicted transmembrane helices while SPD1197 has 2 275 predicted TM segments with a C-terminal extracytoplasmic tail. In-gel fluorescence showed 276 that SPD1197-GFP was mainly produced as a full-length product. The SPD1198-GFP fusion, 277 however, showed clear signs of protein degradation ( Fig. S14 ). Nevertheless, we performed 278 fluorescence microscopy to determine their localizations. In agreement with the prediction,
279
SPD1197-GFP and SPD1198-GFP are clearly localized to the membrane (Fig. 5D ).
280
Phosphorylcholine is an essential component of pneumococcal TA and for this reason between the extra smaller bands from bacterial cells with depleted SPD1197 or SPD1198 12 seemed to match the molecular weight of the RU, suggesting that SPD1197 and SPD1198 297 play a role in TA precursor polymerization. Although repression of the genes associated with 298 peptidoglycan synthesis (murT, gatD and pbp2x) made the 4 main TA bands weaker, the 299 pattern of the TA bands was not changed. Likely, the reduction of the TA of these three 300 strains is due to the reduction of peptidoglycan, which constitutes the anchor for wall TA.
301
The TA chains of S. pneumoniae are thought to be polymerized before they are 302 transported to the outside of membrane, and so far it is not known which protein(s) function(s) 
326
driven by a competence-specific promoter (Slager et al, 2014) . As shown in Fig. 6B , when 327 expression of ClpP or ClpX was repressed by addition of IPTG, competence development 328 was enhanced, while depleting any of the other ATPase subunits (ClpC, ClpE and ClpL) had 329 no effect on competence (Fig. S15 ). This shows that ClpX is the main ATPase subunit 330 responsible for ClpP-dependent repression of competence.
332
Concluding remarks 333 Here, we developed an IPTG-inducible CRISPRi system to study essential genes in S. 334 pneumoniae (Fig. 1) . In addition, we adopted a simple and efficient one-step sgRNA cloning 335 strategy using infusion cloning, which results in ~89% positive sgRNA clones ( 
341
OD indicating the emergence of a mutant subpopulation ( Fig. S2B and S2C ).
342
Based on analysis on the CRISPRi knockdowns, several previously 'hypothetical' 343 genes could be functionally characterized and annotated (Figs S3-S10 
14
This work and other studies highlight that high-throughput phenotyping by CRISPRi is 353 a powerful approach for hypothesis-forming and functional characterization of essential 354 genes (Peters et al, 2016) . We also show that CRISPRi can be used to unravel gene-355 regulatory networks in which essential genes play a part (Fig. 6 ). While we shed light on the 356 function of just several previously uncharacterized essential genes, the here-described 357 library contains richer information that needs to be further explored. In addition, CRISPRi 358 screens can be used for mechanism of action (MOA) studies with new bioactive compounds.
359
Indeed, CRISPRi was recently successfully employed to show that B. subtilis UppS is the 360 molecular target of compound MAC-0170636 (Peters et al, 2016) . We anticipate that the 361 here-described pneumococcal CRISPRi library can function as a novel drug target discovery 362 platform, can be applied to explore host-microbe interactions and will provide a useful tool to 363 increase our knowledge concerning pneumococcal cell biology.
365
Materials and Methods 366
Strains, growth conditions and transformation
367
Oligonucleotides are shown in Supplementary Table 4 and strains in Supplementary Table 5 . 
Selection of essential genes 409
To identify each gene's contribution to fitness for basal level growth, we performed Tn-Seq in 410 Streptococcus pneumoniae D39 essentially as described before (Burghout et al, 2013;  411 Zomer et al, 2012) , but with growing cells in C+Y medium at 37ºC (data is available at SRA 412 archive with accession number: SRP093201). Possibly essential genes were identified using 413 ESSENTIALS (Zomer et al, 2012) . We combined results of our Tn-Seq analysis in S. Supplemental Table S3 . 464 cells were thawed and diluted 1:1000 into fresh C+Y medium with or without 1 mM IPTG.
465
Then 300 µl of bacterial culture was added into each well of 96-well plates. OD 595 was 466 measured every 10 minutes for 18 hours with a Tecan Infinite F200 Pro microtiter plate 467 reader. For the data shown in Figs 3, S11 and S12, T2 cells were diluted 1:100 in C+Y 
497
To detect the morphological changes after knockdown of the target genes, strains in the 498 CRISPRi library were induced with IPTG and depletion strains were incubated in C+Y 499 medium without Zn 2+ , stained with DAPI (DNA dye) and nile red (membrane dye), and then 500 studied by fluorescence microscopy. Specifically, 10 µl of thawed T2 cells was added into 1 501 ml of fresh C+Y medium, with or without 1 mM IPTG, in a 1.5 ml Eppendorf tube, followed by 502 2.5 hours of incubation at 37ºC. After that, 1 µl of 1 mg/ml nile red was added into the tube 503 and cells were stained for 4 min at room temperature. Then 1 µl of 1 mg/ml DAPI was added 504 and the mix was incubated for one more minute. Cells were spun down at 8000 rcf for 2 min, 505 and then the pellets were suspended with 30 µl of fresh C+Y medium. 0.5 µl of cell 506 suspension was spotted onto a PBS agarose pad on microscope slides. DAPI, nile red and 507 phase contrast images were acquired with a Deltavision Elite (GE Healthcare, USA).
508
Microscopy images were analyzed with ImageJ.
509
For fluorescence microscopy of strains containing zinc-inducible GFP fusions, strains 510 were grown in C+Y medium to OD 600 0.1, followed by 10 time dilution in fresh C+Y medium 
515
For electron microscopy, T2 cells of S. pneumoniae strains were inoculated into C+Y 516 medium with 0.1 mM Zn 2+ and incubated at 37ºC. When OD 600 reached 0.15, the bacterial 517 culture was centrifuged at 8000 rcf for 2 min. The pellets were resuspended into C+Y without 518 20 Zn 2+ such that OD 600 was 0.015, and then cells were incubated again at 37ºC. Bacterial 519 cultures were put on ice to stop growth when OD 600 reached 0.35. Cells were collected by 520 centrifugation and washed once with distilled water. A small pellet of cells was cryo-fixed in 521 liquid ethane using the sandwich plunge freezing method (Baba, 2008) and freeze-522 substituted in 1% osmium tetroxide, 0.5% uranyl acetate and 5% distilled water in acetone 523 using the fast low-temperature dehydration and fixation method (McDonald & Webb, 2011) .
524
Cells were infiltrated overnight with Epon 812 (Serva, 21045) and polymerized at 60°C for 48 525 h. 90 nm thick sections were cut with a Reichert ultramicrotome and imaged with a Philips 526 CM12 transmission electron microscope running at 90kV.
528
Competence assays
529
The previously described ssbB_luc competence reporter system, amplified from strain 530 MK134 (Slager et al, 2014) , was transformed into the CRISPRi strains (sgRNAclpP, 531 sgRNAclpX, sgRNAclpL, sgRNAclpE, sgRNAclpC, Supplementary Table 5 ). Luminescence 532 assays for detection of activation of competence system were performed as previously 
761
A.
dcas9 and sgRNA sequences were chromosomally integrated at two different loci and 762 expression was driven by an IPTG-inducible promoter (PL) and a constitutive promoter (P3),
763
respectively. With addition of IPTG, dCas9 is expressed and guided to the target site by 764 constitutively expressed sgRNA. Binding of dCas9 to the 5' end of the coding sequence of its 765 target gene blocks transcription elongation. In the absence of IPTG, expression of dCas9 is 766 tightly repressed, and transcription of the target gene can proceed smoothly.
767
B.
Genetic map of CRISPRi luc reporter strain XL28. To allow IPTG-inducible 768 expression, the lacI gene, driven by the constitutive PF6 promoter, was inserted at the non-769 essential prsA locus; luc, encoding firefly luciferase, driven by the constitutive P3 promoter 770 was inserted into the intergenic sequence between gene loci spd0422 and spd0423; dcas9 771 27 driven by the IPTG-inducible PL promoter was inserted into the bgaA locus; sgRNA-luc 772 driven by the constitutive P3 promoter was inserted into CEP locus (between treR and amiF).
773
C.
The 
